Matrix metalloproteinase-1 (MMP-1), the major interstitial collagenase in humans, can degrade collagen molecules at the triple helical domain and regulate extracellular matrix turnover in tissue [13] . A previous report has shown that forced expression of human MMP-1 in rat fibrotic liver suppresses fibrogenesis and contributes to recovery from experimental liver fibrosis [14] . In addition, MMP-1 is known to induce human capillary tubular network collapse, leading to regression [15] as well as to activate TGF- [16] , the key molecule that accelerates tissue fibrosis. Little is known, however, about the endogenous expression and pathophysiological role of MMP-1 in human liver diseases including NAFLD and NASH.
The present study was conducted using liver biopsy specimens obtained from NASH patients to examine the localization of MMP-1, caveolin-1, active (aTGF-) and latent (lTGF-) forms of TGF-, as well as the markers of hepatic progenitor cells (HPCs) such as OV-6 and CK-19. The authors aim to elucidate the functional contribution of MMP-1 to the pathophysiology of early and advanced stages of NASH, especially in relation to the fibrogenic and regeneration processes. The results indicate that MMP-1, which was expressed in different types of cells in the early and advanced stages of NASH, contributes consistently to disease progression. Especially in the advanced stage of NASH, MMP-1 expressed in HPCs/small hepatocytes/ capillary endothelial cells may contribute, at least in part, not only to the repair and regeneration of fibrotic liver through the caveolin-1 signal, but also to the regression of capillary endothelial cells to form angiogenesis that leads to liver cirrhosis.
Methods
Patients: This study examined 19 histologically proven NASH patients and 4 normal liver samples (Supplementary Table  1 ). The normal liver samples were collected from 4 subjects who underwent hepatic resection because of metastases of colon cancer, and all normal samples were collected from at least 30 mm or more distant from the tumor. Liver specimens from 17 of 19 patients were examined together with 4 normal liver samples for the Computer-assisted Morphometric Analysis. Eight of 17 patients were examined histological co-expression analysis. Eight of 19 patients and 3 of 4 normal samples were examined western bolt analysis. This study was approved by the relevant ethics committees of the institutions involved. Informed consent was obtained from all subjects. The clinical diagnostic criteria used are described under supplementary materials and methods (Appendix-I).
Histological examination:
Conventional histological examination was performed using hematoxylin and eosin, Azan-Mallory, and silver staining. Assessment of the histological stages of NASH was conducted using Matteoni classification [4], Brunt's classification [17] and the NASH activity score (NAS) [18] . Details related to dual immunohistochemical (IHC) and immunoelectron microscopic (IEM) examinations, western blot analysis and bioassays for serum cytokines are presented in supplementary materials and methods (Appendix-I).
Antibodies: Specific antibodies were purchased and used to detect MMP-1 (Abcam plc., Cambridge, UK), caveolin-1 (NB 100-615; Novus Biologicals, Littleton, CO, USA), lTGF- (Cosmo Bio Co. Ltd., Tokyo, Japan), CD34 (clone QBEnd 10; Dako, Glostrum, Denmark), CD68 (clone PG-M1; Dako), vimentin (clone V9; Dako), type I procollagen (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), OV-6 (R&D Systems, Minneapolis, MN, USA), and cytokeratin 19 (CK-19, clone RCK108; Dako). Antibodies recognizing aTGF- were prepared by Hara et al. as reported previously [19] .
Immunohistochemical expression of MMP-1, caveolin-1, aTGF-, lTGF-, type I procollagen Immunohistochemical analysis was conducted as reported earlier [20] , with minor modifications. Serial sections of formalin-fixed, paraffin-embedded tissue sections (4 m) were deparaffinized and rehydrated by immersion in xylene and graded alcohol concentrations. Endogenous peroxidase activity was quenched by incubation in 0.3% (v/v) H 2 O 2 in methanol for 30 min at room temperature (RT). Heat-mediated antigen retrieval was used for autoclave treatment (10 mM citrate buffer; pH 6.0) for 15 min at 120C. Sections were blocked with 10% normal goat serum (Vector Laboratories Inc., Burlingame, CA, USA) and incubated for 90-120 min with primary antibody in 2% serum. They were incubated overnight at 4C with 1:100 dilution of anti-MMP-1, anti-caveolin-1, anti-activated form of TGF- (a TGF-), antilatent form of TGF- (lTGF-), or anti-type 1 procollagen. The sections were incubated with the N-Histofine  Simple Stain MAX PO (Nichirei Corp., Tokyo, Japan) at RT for 30 min. After repeated washing with PBS, the sections were reacted with diaminobenzidine containing 0.01% H 2 O 2 and counterstained with hematoxylin for light microscopic study. Immunoelectron microscopy was performed using immunogold-silver enhancement of control and NASH liver samples according to previous reports. Details of the methods described above are presented in supplementary materials and methods (Appendix-I).
Computer-assisted morphometric analysis and western blot analysis are also presented in supplementary materials and methods (Appendix-I).
Statistical analysis
Values are expressed as mean  SD. Mann-Whitney U tests were used to evaluate differences between groups: a p value  0.05 was regarded as statistically significant.
Results

Histological findings and stage classification
According to Matteoni classification [4] , 8 cases were diagnosed as type 4. All others were type 3. Using Brunt's grading [16] , 7 cases were categorized as grade 1, 5 cases as grade 2, and the others as grade 3 (Supplementary Figure  1) . The histological findings obtained with Brunt's staging and NAS scoring methods [17] for all enrolled patients are presented in supplementary table 1 (Appendix-II). According to the results, patients were classified into the two groups shown in supplementary table 1 (Appendix-II). Group 1 (early stage of NASH) comprised 10 cases of steatosis with mild inflammation, slight ballooning and slight-to-moderate fibrosis. Group 2 (advanced stage of NASH) included 9 cases of steatosis with marked inflammation, ballooning, and severe fibrosis or cirrhosis with or without HCC.
MMP-1 expression in normal liver and early stage of NASH
In normal liver, MMP-1 expression was observed in a small number of hepatocytes, LSECs, and blood vessels with very weak immunoreactivity ( Figure 1a ). In contrast, immunoreactive MMP-1 was localized in inflammatory cells present in the portal tracts and pericentral areas in the early stage of NASH ( Figure 1b ). Double staining using specific cell marker antibodies revealed that most of the MMP-1-expressing cells were CD68-positive Kupffer The MMP-1 expression was seldom co-localized with CD34 (data not shown). In fact, IEM observation revealed that gold-labeled MMP-1 particles were detected mostly within the cytoplasm of KCs and monocytes (Figures 1d and  1e ). Moreover, HSCs and LSECs showed extremely weak MMP-1 immunoreactivity in the early stage of NASH (data not shown).
Caveolin-1 expression in normal liver and early stage of NASH
IHC analysis identified caveolin-1 on the walls of the hepatic artery, capillary venule, and portal vein in the portal tracts of normal liver tissues. Caveolin-1 expression was also detected in hepatic sinusoidal lining cells in pericentral zone 3, but only slightly in zones 1-2 of control normal liver ( Supplementary Figure 2a ). Caveolin-1 expression showed a similar pattern in the early stage of NASH ( Supplementary  Figure 2b ). IEM observation revealed gold-labeled particles detecting caveolin-1 in non-coated vesicles or vacuoles in LSECs present in the same area ( Supplementary Figure 2c) . Similar findings were observed in the early stage of NASH (data not shown). No positive finding was obtained with regard to TGF- or type I procollagen expression in normal liver or early stage of NASH (data not shown).
MMP-1 expression in advanced stage of NASH
In the advanced stage of NASH, cells positive for MMP-1 were localized in the margins between the parenchyma and portal tracts, where ductular proliferation was observed (arrowheads in Figure 2a and Supplementary   Figure 3a ). MMP-1 expression was also evident on the walls of capillarized endothelial cells in the peripheral region of fibrous septa (long arrows in Figure 2a and Supplementary  Figure 3a ). IHC analyses indicated that most MMP-1expressing cells present in the margin of portal tracts were OV-6-positive ( Figure 2b and Supplementary Figure 3b ) and/ or CK-19-positive (Figure 2c and Supplementary Figure 3c ) hepatic progenitor cells (HPCs). In marked contrast to the findings obtained for the early stage of NASH, expression levels of MMP-1 were rather low in KCs and monocytes ( Supplementary Figure 3d ). It is of particular interest that MMP-1-expressing HPCs stained positive for OV-6 ( Figure  2b ) and/or CK-19 ( Figure 2c ) aggregated to form a cell cluster structure. To further confirm the expression of MMP-1, we conducted an IEM examination. Gold-labeled MMP-1 particles were observed on the luminal surfaces and intracellular organelles of HPCs ( Figure 2d ) and small hepatocytes (Figure 2e ). Taken together, the extent of MMP-1 expression in HPCs and small hepatocytes increased parallel with the degree of progenitor cell reaction, suggesting that MMP-1 may participate in the repair and regeneration of hepatocytes.
Caveolin-1 expression in advanced stage of NASH
IHC examination revealed caveolin-1 expression in the advanced stage of NASH in hepatic sinusoidal lining cells in periportral zone 1 (long arrows in Figure 3a and 
Computer-assisted morphometric analysis and western blotting
We assessed morphometric variables determined by labeling MMP-1 in three portal regions and regenerative fibrotic areas. In the periportal tract, MMP-1 immunostaining was 0.342 pixels/mm 2 in control, 0.766 pixels/mm 3 in early NASH, and 1.513 pixels/mm 2 in advanced NASH. It was significantly greater in advanced (p  0.014) and early (p  0.016) NASH than in control (Figure 4d ).
To confirm the immunohistochemical results and morphometric analysis for MMP-1 expression, we investigated the protein expression of MMP-1 in control liver, early stage of NASH, and advanced stage of NASH samples using western blotting. MMP-1 expression in control samples was scant. However, MMP-1 expression was elevated in early NASH and even higher in advanced NASH samples. Quantitative densitometric data (expressed as MMP-1/actin levels for each group) from multiple samples are shown as mean  SEM. MMP-1 protein was expressed abundantly in early NASH and even more in advanced NASH (Figure 4e ).
Next, we estimated the co-expression of MMP-1 in various cell marker-positive cells using digital image processing. Data for the periportal tract on MMP-1 expression of each cell-marker immunostaining expression in both early and advanced NASH are shown in figure 5 . MMP-1 expression by CD68 and vimentin pixels were significantly higher than that by OV-6 and CK-19 pixels in early NASH, while MMP-1 expression by OV-6 and CK19 pixels were significantly higher than that by CD68 pixels in advanced NASH ( Table  1 and Figure 5 ).
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Role of MMP-1 and caveolin-1 in fibrogenesis in NASH
Dual IHC staining revealed a cell cluster structure of MMP-1-expressing cells that was lined by vimentin-positive mesenchymal cells (Figure 3c and Supplementary Figure  4a) . Moreover, cells expressing type I procollagen ( Figure   3d and Supplementary Figure 4b ) and/or aTGF- (Figure 4a and Supplementary Figure 4c ) were observed at the edge of a cell cluster structure, indicating active fibrogenesis in those areas. In contrast, lTGF- expression was detected in the fibrous septa (Figure 4b and Supplementary  Figure 4d ), but not around the cell cluster structures. IEM observations also revealed type 1 procollagen-producing cells with elongated fiber-like projections at the edge of the cell cluster structure composed of HPCs (Figure 4c ). . 1, 2, 3) . Lanes d-f show early NASH liver samples (Case No. 6, 8, 9, 10) . Lanes g-i show advanced NASH liver samples (Case No. 12, 17, 18, 19 ). MMP-1 protein expression increased significantly in early NASH and even higher in advanced NASH liver. 
Roles of MMP-1 and caveolin-1 in angiogenesis in NASH
As noted above, both caveolin-1 and MMP-1 were expressed in caveolae like structures of capillarized endothelial cells and HPCs. The capillarized endothelial lining cells were connected to the edge of a cell cluster structure. IHC dual staining of MMP-1 and CD 34 suggested that the capillarized endothelial lining cells were both positive. They induced repair and regeneration of the injured sinusoidal structure ( Supplementary Figure 4e) .
In caveolae of hepatic stellate cells, IEM examination revealed immunogold particles showing MMP-1 ( Figure  3d ) as well as in the caveolae-like structures of capillarized sinusoidal endothelial cells (Figures 6a and 6b) . The angiogenic sprouting of capillary endothelial cells was flat and elongated (Figure 6b ), and MMP-1 particles were expressed in caveolae along the luminal and abluminal portions of the cell membrane (Figure 6b ). Taken together, type 1 procollagen-producing cells (arrowheads in Figures  3d and 4c ) were linked to capillary endothelial lining cells with expression of both MMP-1 and caveolin-1.
Discussion
In this study, we have shown for the first time increased expression and distinct localization of MMP-1 during the progression of NASH in humans. It is expressed predominantly in monocytes and KCs in the early stage of NASH, while it is detected in HPCs and proliferating capillary endothelial cells in the advanced stage of the disease. Because of the biological function of MMP-1 in degrading extracellular matrix (ECM) components, prior to conducting this study we expected the expression levels of MMP-1 to be lower in the advanced stage of NASH with fibrosis or cirrhosis than in the early stage of NASH without discriminate fibrosis. The findings of the present study suggest that the functional role of MMP-1 differs greatly from reports to date on MMP-1 as the key enzyme of ECM metabolism.
Regarding the functional role of MMP-1, recombinant adenoviral delivery for MMP-1 activation in endothelial cells resulted in capillary tube regression of human umbilical endothelial cells in an in vivo study [15] . Our findings for the advanced stage of NASH are consistent with this in vivo study, suggesting the possibility of functions of MMP-1 beyond that as the key enzyme of matrix degradation. This is discussed below.
Another important purpose of this study is to clarify the role of caveolin-1 on MMP-1 expression in the pathophysiology of NASH because up-regulation of caveolin-1 expression was reported in a murine NAFLD model [21] . The results of the present study also suggest co-localization of MMP-1 and caveolin-1 in caveolae under pathological conditions. Although MMP-2 [22] , MMP-923 and MT1-MMP [24] have been reported to be co-localized with caveolin-1, MMP-1 has not been reported to be expressed in caveolae. CD147/ EMMPRIN is known to form a complex with caveolin-1 on the surface of cells of multiple types [25] . Glycosylation of CD147 up-regulates MMP-1 expression [26] whereas negative regulation of CD147 by caveolin-1 engenders decreased CD147-dependent MMP-1 induction [25, 26] . These findings, combined with the results of this study, suggest that MMP-1 expression is regulated through the caveolin-1 signal.
In the early stage of NASH, steatosis and the consequent inflammation cause activation of KCs that secrete chemokine CCL2 (MCP-1) to recruit monocytes [27] . MMP-1 expression in those cells may be up-regulated by the interaction with caveolin-1, as described above, and MMP-1-positive monocytes appear to differentiate into activated macrophages. KCs, monocytes, and macrophages have been reported to stimulate differentiation of hepatic stem cells into HPCs [28] , and accelerate ductular reaction composed of proliferating HPCs [10, 27] .
In the advanced stage of NASH, IEM observations revealed that HPCs and small hepatocytes with increased MMP-1 expression may represent injured liver regeneration. The microenvironment around cells is known to be the most important factor regulating their differentiation through the caveolin-1 signal. An excess amount of lipids attenuates HPC differentiation [29] .
Dual staining of the serial sections revealed that a cell cluster structure composed of MMP-1 OV-6 CK19-HPCs extended toward the central zone within the lobules. They were connected to MMP-1 capillary endothelial lining cells. These findings suggest that MMP-1 HPC may differentiate into capillary endothelial cells as described in a previous report [15] . MMP-1 activation by serine proteases induced human capillary tubular network collapse and regression in 3D collagen matrices that was evidenced by siRNA targeting MMP-1 [15] . Moreover, several recent studies of angiocrine signals have demonstrated their stimulatory effects on liver regeneration after injury [30] [31] [32] . One of those studies demonstrated that expression of CXCR7 and CXCR4 (a receptor for SDF-1 receptor) was up-regulated in LSECs and induced liver regeneration after acute injury, although constitutive FGFR1 signaling in LSECs inhibited CXCR4 expression after chronic liver injury followed by fibrosis [30] . Liver sinusoidal endothelial cells are responsible for nitric oxide modulation [33] . In an earlier study we observed increased expression of caveolin-1 in human cirrhotic liver in relation to nitric oxide [34] . Portal venous blood in NASH patients contains high levels of sugar, lipids, amino acids, and inflammasomes, and hepatic sinusoidal endothelial cells act as a gatekeeper to prevent hepatocyte injury. It is interesting and important to ascertain how the MMP-1/caveolin-1 signal in HPCs and endothelial cells works in pathophysiological conditions such as regeneration of fibrotic liver.
In further studies, the authors aim to clarify the novel function of MMP-1 beyond the destruction of extracellular matrix. Translational research targeting the MMP-1/ caveolin-1 signal should be conducted to improve treatment of NASH.
Conclusion
IEM revealed MMP-1-immunoreactive products in HPCs/ HSC/small hepatocytes. Active form of TGF- and type I procollagen were detected at the edge of those capillary endothelial cells adjacent to the HPCs. MMP-1 expressed in HPCs/small hepatocytes/ capillary endothelial cells may contribute, at least in part, to the repair and regeneration of fibrotic liver through the caveolin-1 signal in the advanced stage of NASH.
